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Abstract
We propose a model with radiatively induced neutrino mass at two-loop level, applying modular
A4 symmetry. The neutrino mass matrix is formulated where the structure of associated couplings
are restricted by the symmetry. Then we show several predictions in the lepton sector, satisfying
lepton flavor violations as well as neutrino oscillation data. We also discuss muon anomalous
magnetic moment and briefly comment on dark matter candidate.
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I. INTRODUCTION
Understanding flavor structure for quark and lepton sectors is still important even after
the discovery of Higgs boson in the standard model (SM). Along the idea of thought, non-
Abelian discrete groups have been vastly adopted as flavor symmetries in order to predict
and/or reproduce current experimental data of the mixings and masses of quarks and lep-
tons [1–8]. However, since there are too many possibilities of their applications, one cannot
address something concrete models independently in this manner. Recently, modular orig-
inated flavor symmetries have been proposed by [9, 10] that are more promising ideas to
obtain predictions to the quark and lepton sector, since Yukawa couplings also have a rep-
resentation of the flavor groups. Their typical groups are found in basis of the A4 modular
group [10–17], S3 [18, 19], S4 [20, 21], A5 [22, 23], larger groups [24], and multiple modular
symmetries [25] that have been applied to studies of flavor structures of quarks and leptons
and the feature of dark matter (DM) candidate [14]. Another advantage of this modular
groups is that fields and couplings have to assign a modular weight originated from modular
groups. This number can be identified to be a symmetry to stabilize DM candidate if DM
is included in a model.
In this paper, we apply an A4 modular symmetry to the lepton sector in a framework of
modified Zee-Babu type model [26, 27] generating non-zero masses of neutrinos whose masses
are generated at two-loop level. In the model, we introduce exotic vector-like charged leptons
in addition to the field contents in original Zee-Babu model [26] which propagate inside a
loop diagram generating neutrino mass. In our analysis, we show several predictions to the
lepton sector, satisfying constraints of lepton flavor violations (LFVs) as well as neutrino
oscillation data and discussing muon anomalous magnetic moment (muon g − 2). Finally,
we briefly comment on our DM candidate in the conclusion. 1
This paper is organized as follows. In Sec. II, we give our model set up under the modular
A4 symmetry, writing down relevant fields and couplings and their assignments. Then, we
formulate the valid Lagrangians, Higgs potential, exotic field mass matrix, LFVs, muon
g − 2, neutrinos mass matrix, and numerical analysis in which we show several predictions
to satisfy all the data that we will discuss. Finally we conclude and discuss in Sec. III.
1 A DM candidate has been discussed in non-Abelian discrete symmetries in refs. [28–30], in which a
symmetry to stabilize DM is originated from a remnant symmetry after breaking of flavor symmetry.
2
Fermions Bosons
LL1,2,3 eR1,2,3 Ei H η s
− k−− ϕ
SU(2)L 2 1 1 2 2 1 1 2
U(1)Y −12 −1 −1 12 12 −1 −2 0
A4 1, 1
′, 1′′ 1, 1′, 1′′ 3 1 1 1 1 1
k 0 0 −1 0 −1 −1 −2 −2
TABLE I: Field contents of fermions and bosons and their charge assignments under SU(2)L ×
U(1)Y × A4 in the lepton and boson sector, where k is the number of modular weight, a = 1, 2, 3,
and the quark sector is the same as the SM.
Lepton couplings Higgs terms
f g
L/R
i g
′L/R
i ME λ, λη , λS , (µϕ, µk, µssk, µηηϕ, µssϕ) λϕ, λk
A4 3 3 1, 1
′, 1′′ 3 1 1
k 2 4 4 2 4 8
TABLE II: Modular weight assignments for Yukawa and Higgs couplings, the other couplings are
all neutral under the modular weight, where i = 1, 2, 3 denotes the component of A4 triplet and
three singlets. Notice here that the number of modular weight for Higgs terms has to start at 4
because they are singlets under A4 group.
II. MODEL
Here we explain our model with modular A4 symmetry in which some fields have non-
zero modular weight and couplings with non-zero modular weight are modular forms. In
the fermion sector, we introduce three exotic singly-charged leptons as a triplet under A4
with modular weight −1, while all the SM leptons LL, eR have zero modular weight assigned
three kinds of singlet 1, 1′, 1′′ for each flavor under A4. In the scalar sector, we introduce an
isospin doublet field η and three singlet fields (ϕ, s−, k−−) having non-zero modular weight
(−1,−2,−1,−2) and hypercharge (1/2, 0,−1,−2) respectively, where all the scalar fields
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are true singlet under A4. We expect that η is an inert boson to induce nonzero neutrino
mass at two-loop level, and its neutral component can be a DM candidate whose stability is
assured by nonzero modular weight; this is due to the fact that all couplings should have even
modular weight and fields with odd modular weight cannot singly appear in interactions.
Vacuum expectation value (VEV) of H and ϕ is respectively denoted by vH/
√
2 and vϕ/
√
2,
where H is identified as SM-like Higgs field. We summarize field assignments in table I
and couplings in table II. Under these symmetries, one writes renormalizable Lagrangian as
follows:
−LLepton =
∑
ℓ=e,µ,τ
yℓL¯LℓℓRH
+ κ1L¯L1(f1ER1 + f2ER2 + f3ER3)η
+ κ2L¯L2(f1ER1 + ωf2ER2 + ω
2f3ER3)η
+ κ3L¯L3(f1ER1 + ω
2f2E¯R2 + ωf3ER3)η
+ ρ1g
′L/R
1 (E¯
C
L1/R1EL1/R1 + E¯
C
L2/R2EL2/R2 + E¯
C
L3/R3EL3/R3)k
++
+ ρ2g
′L/R
2 (E¯
C
L1/R1
EL1/R1 + ω
2E¯CL2/R2EL2/R2 + ωE¯
C
L3/R3
EL3/R3)k
++
+ ρ3g
′L/R
3 (E¯
C
L1/R1
EL1/R1 + ωE¯
C
L2/R2
EL2/R2 + ω
2E¯CL3/R3EL3/R3)k
++
+ g
L/R
1 (E¯
C
L2/R2EL3/R3 + E¯
C
L3/R3EL2/R2)k
++ + ζ
L/R
1 g
L/R
1 (E¯
C
L2/R2EL3/R3 − E¯CL3/R3EL2/R2)k++
+ g
L/R
2 (E¯
C
L3/R3EL1/R1 + E¯
C
L1/R1EL3/R3)k
++ + ζ
L/R
2 g
L/R
2 (E¯
C
L3/R3NL1/R1 − E¯CL1/R1EL3/R3)k++
+ g
L/R
3 (E¯
C
L1/R1
EL2/R2 + E¯
C
L2/R2
EL1/R1)k
++ + ζ
L/R
3 g
L/R
3 (E¯
C
L1/R1
EL2/R2 − E¯CL2/R2EL1/R1)k++
+ME1(E¯L2ER3 + E¯L3ER2) + ǫ1ME1(E¯L2ER3 − E¯L3ER2)
+ME2(E¯L3ER1 + E¯L1ER3) + ǫ2ME2(E¯L3NR1 − E¯L1ER3)
+ME3(E¯L1ER2 + E¯L1ER2) + ǫ3ME3(E¯L1ER2 − E¯L2ER1) + +h.c., (II.1)
where ω = ei
2
3
π and the charged-lepton mass eigenstate is directly given by the first term
above. Thus, the observed mixing matrix for lepton sector is found in the neutrino sector
only. The modular forms of weight 2, (f1, f2, f3), transforming as a triplet of A4 is written
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in terms of Dedekind eta-function η(τ) and its derivative [10]:
f1(τ) =
i
2π
(
η′(τ/3)
η(τ/3)
+
η′((τ + 1)/3)
η((τ + 1)/3)
+
η′((τ + 2)/3)
η((τ + 2)/3)
− 27η
′(3τ)
η(3τ)
)
,
f2(τ) =
−i
π
(
η′(τ/3)
η(τ/3)
+ ω2
η′((τ + 1)/3)
η((τ + 1)/3)
+ ω
η′((τ + 2)/3)
η((τ + 2)/3)
)
, (II.2)
f3(τ) =
−i
π
(
η′(τ/3)
η(τ/3)
+ ω
η′((τ + 1)/3)
η((τ + 1)/3)
+ ω2
η′((τ + 2)/3)
η((τ + 2)/3)
)
.
The overall coefficient in Eq. (II.2) is one possible choice; it cannot be uniquely determined.
Thus we just impose the purtabative limit f1,2,3 .
√
4π in the numerical analysis.
In the similar way as Yukawa couplings, ME with modular weight 2 is also written by
fi(τ) such that
(
ME1(τ),ME2(τ),ME3(τ)
)T
3
=M0
(
f1(τ), f2(τ), f3(τ)
)T
3
, (II.3)
where M0 can be taken as a free parameter determining scale of vector-like charged lepton
mass. Thus mass hierarchy among three vector-like charged leptons are given, once we fix
modulus τ . While A4 triplet gi with modular weight 4 is written by [16]
2
(
g1(τ), g2(τ), g3(τ)
)T
3
=
(
f2(τ)f3(τ), f1(τ)f3(τ), f1(τ)f2(τ)
)T
3
. (II.4)
The A4 singlets couplings g
′
i with modular weight 4 are also written by
(
g′1(τ), g
′
2(τ), g
′
3(τ)
)
1,1′,1′′
=
(
f 21 (τ) + f
2
2 (τ) + f
2
3 (τ), f
2
1 (τ) + ωf
2
2 (τ) + ω
2f 23 (τ), f
2
1 (τ) + ω
2f 22 (τ) + ωf
2
3 (τ)
)
1,1′,1′′
.
(II.5)
These structures are also determined by modulus τ .
A4 modular invariant Higgs potential is given by
V = −µ2H |H|2 + µ1µϕ|ϕ|2 + µ2µkk++k−− + µssϕS+S−ϕ+ µηηϕ|η|2ϕ+ µsskS−S−k++ (II.6)
+ λHT · ηS+ϕ+ 1
4
λH |H|4 + 1
4
λϕ|ϕ|4 + 1
4
λη|η|4 + 1
4
λS|S+S−|2 + 1
4
λk|k++k−−|2 + h.c.,
where µH,1,2, λH do not have modular weight and just real values. Here ϕ plays a role in
inducing the mass of S± and η after ϕ develops VEV. In the singly-charged bosons in basis
2 We use a different basis of A4 group under which its triplet representations are constructed to be symmetric
and anti-symmetric.
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of S±, η±, which mix each other through λ, we define the mixing and its mass eigenvalue as
follows:
S± = cαH
±
1 + sαH
±
2 , η
± = −sαH±1 + cαH±2 , s2α =
2λvHvϕ
m2H2 −m2H1
, (II.7)
where sα(cα) is the short-hand symbol of sinα(cosα).
After the electroweak spontaneous symmetry breaking, the charged-lepton mass matrix
is given by
mℓ =
vH√
2


ye 0 0
0 yµ 0
0 0 yτ

 ≡


me 0 0
0 mµ 0
0 0 mτ

 , (II.8)
while the E mass matrix is given by
ME =


0 ME3(1 + ǫ3) ME2(1− ǫ2)
ME3(1− ǫ3) 0 ME1(1 + ǫ1)
ME2(1 + ǫ2) ME1(1− ǫ1) 0

 , (II.9)
where ME is diagonalized by bi-unitary matrix UELMEU
†
ER
≡ (M1,M2,M3), where UEL and
UER are determined by UELMEM
†
EU
†
EL
= UERM
†
EMEU
†
ER
≡ (|M1|2, |M2|2, |M3|2).
LFVs, Muon g-2, Neutrino masses; First of all, let us rewrite the term of f as
−Lf = L¯LiFijE ′Rjη + ν¯LiFijE ′Rj (−sαH+1 + cαH+2 ) + h.c., (II.10)
F ≡ κ3f3√
2


κˆ1 0 0
0 κˆ2 0
0 0 1




1 1 1
1 ω ω2
1 ω2 ω




fˆ1 0 0
0 fˆ2 0
0 0 1

U †ER , (II.11)
where E ′ is mass eigenstate and ER/L = U
†
EL/R
E ′R/L, κˆ1,2 ≡ κ1,2/κ3, and fˆ1,2 ≡ f1,2/f3. This
interaction induces LFV decay process ℓi → ℓjγ at one-loop level, and the branching ratios
are given by
BR(ℓi → ℓjγ) ≈ 48π
3αemGij
G2F
(
1 +
m2j
m2i
)
|Aij|2, (II.12)
Aij = −FjaF
†
ai
(4π)2
G(mη0 ,Ma), (II.13)
G(ma, mb) ≈
m6a − 6m4am2b + 3m2am4b + 2m6b + 12m2am4b ln
(
mb
ma
)
12(m2a −m2b)4
, (II.14)
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FIG. 1: Neutrino mass diagram at two-loop level.
where G21 = 1, G31 = 0.1784, G32 = 0.1736, αem is the electromagnetic fine structure
constant, and GF is the Fermi constant. In addition, the muon g − 2 is given by
∆aµ ≈ −2mµA22. (II.15)
The experimental upper bounds for LFVs are given by [31–33]
BR(µ→ eγ) . 4.2× 10−13, BR(τ → eγ) . 3.3× 10−8, BR(τ → µγ) . 4.4× 10−8,
(II.16)
which will be imposed in our numerical calculation. And the experimental result of muon
g − 2 is found as ∆aµ = (26.1 ± 8)× 10−10 with positive value at 3.3 σ deviation from the
SM prediction.
Neutrino mass matrix is given at two-loop level by the diagram in Fig.1, and its formula
is found as
(mν)ij ≈
∑
a,b
FiaMabF Tbj + (transpose), (II.17)
Mab ≡ µs2αc2α
GL∗ab +G
R∗
ab
2(4π)4
1,2∑
I,J
∫ 1
0
[dx]3
∫ 1
0
[dx′]3
[
2
z − 1 ln
[
∆IJab
z2 − z
]
− MaMb
∆IJab
]
, (II.18)
∆IJab ≡ −x′(xM2a + ym2I + zm2k) + (z2 − z)(y′M2b + z′m2J ), (II.19)
where mk is the mass eigenstate of k
±±, [dx]3 ≡ dxdydzδ(1 − x − y − z), GL/R =
U∗EL/Rg
L/RU †EL/R, and here we assume to be g ≡ gL = gR for simplicity. Then g is given by
g =


g′′1 + g
′′
2 + g
′′
3 g3(1 + ζ3) g2(1− ζ2)
g3(1− ζ3) g′′1 + ω2g′′2 + ωg′′3 g1(1 + ζ1)
g2(1 + ζ2) g1(1− ζ1) g′′1 + ωg′′2 + ω2g′′3

 , (II.20)
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where g′′i ≡ ρig′i. Then mν is diagonalized by Dν = UνmνUTν , where
∑
Dν . 0.12 eV is
given by the recent cosmological data [37]. Since the charged-lepton is mass eigenstate from
the beginning, one identifies Uν as UMNS. Each of mixing is given in terms of the component
of UMNS as follows:
sin2 θ13 = |(UMNS)13|2, sin2 θ23 = |(UMNS)23|
2
1− |(UMNS)13|2 , sin
2 θ12 =
|(UMNS)12|2
1− |(UMNS)13|2 . (II.21)
Also, the effective mass for the neutrinoless double beta decay is given by
mee = |Dν1 cos2 θ12 cos2 θ13 +Dν2 sin2 θ12 cos2 θ13eiα21 +Dν3 sin2 θ13ei(α31−2δCP )|, (II.22)
where its observed value could be measured by KamLAND-Zen in future [38].
A. Numerical analysis
Here, we show numerical analysis to satisfy all of the constraints that we discussed above,
where we restrict ourselves the neutrino mass ordering is normal hierarchy. First of all, we
provide the allowed ranges for neutrino mixings and mass difference squares at 3σ range [39]
as follows:
∆m2atm = [2.431− 2.622]× 10−3 eV2, ∆m2sol = [6.79− 8.01]× 10−5 eV2, (II.23)
sin2 θ13 = [0.02044− 0.02437], sin2 θ23 = [0.428− 0.624], sin2 θ12 = [0.275− 0.350].
The free dimensionless parameters κi, ρi, ζ
L/R
i , ǫi (i=1-3) are taken to be the range of [0.1−1],
while the mass parameters M0, mk, mη, mH1,2 are [1− 5] TeV, where mη mk are respectively
the masses of η0 and k
±±.
The left side of Fig. 2 shows sin2 θ12 versus Dirac CP phase δ
ℓ
CP , while the right one
demonstrates sin2 θ23 versus Dirac CP phase δ
ℓ
CP . These figures suggest that sin
2 θ12 =
[0.29− 0.31 or 0.32− 0.35], sin2 θ23 = [0.48− 0.50 or 0.55− 0.60], and δℓCP = [95◦ − 120◦].
The left side of Fig. 3 shows the sum of neutrino masses versus neutrinoless double beta
decay, while the right side of Fig. 3 demonstrates Majorana CP phase α31 versus Dirac CP
phase. These figures suggest that
∑
Dν = [0.06 − 0.07] eV, 〈mee〉 = [0.0045 − 0.006] eV,
α31 = [200
◦ − 210◦ or 230◦ − 240◦].
Several remarks are in order:
1. Typical range of τ is found as 0.566 . Re[τ ] . 0.573 and 1.312 . Im[τ ] . 1.332.
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FIG. 2: The left side figure shows sin2 θ12 versus Dirac CP phase δ
ℓ
CP , while the right one demon-
strates sin2 θ23 versus Dirac CP phase δ
ℓ
CP .
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FIG. 3: The left side figure shows the sum of neutrino masses
∑
m(≡ ∑Dν) versus neutrinoless
double beta decay 〈mee〉, while the right one demonstrates Majorana CP phase α31 versus Dirac
CP phase δℓCP , where α21 = 0.
2. α21 is found to be zero.
3. The first generation of neutrino mass is at most 7× 10−5 eV.
4. Allowed region of sin2 θ13 lies in the whole region of experimental result.
5. The typical size of muon g − 2 is of the order 10−13, and its maximal value is about
6× 10−14 eV.
6. All of the LFVs; µ→ eγ, τ → eγ, τ → µγ, are at most of the order 10−15, all of which
are below the experimental results.
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III. CONCLUSION AND DISCUSSION
We have proposed a two-loop induced neutrino mass model with a modular A4 symmetry,
and discussed predictions of neutrino oscillation data as well as LFVs, muon anomalous
magnetic moment related to interactions generating neutrino mass. We have found several
predictions such as sin2 θ12 = [0.29−0.31 or 0.32−0.35], sin2 θ23 = [0.48−0.50 or 0.55−0.60]∑
m = [0.06 − 0.07] eV, 〈mee〉 = [0.0045 − 0.006] eV, α31 = [200◦ − 210◦ or 230◦ − 240◦],
δℓCP = [95
◦−120◦], α21 = 0. Furthermore, the first generation of neutrino mass is tiny whose
typical order is 10−4 eV, and muon g − 2 is at most 6 × 10−13, which is smaller than the
observed value by 104 order of magnitude.
Before closing this section, it would be worthwhile to mention dark matter candidate. In
our model, neutral component of η can be the one, if there is mass difference between the
real part and imaginary part to evade the direct detection search. This can be achieved by
introducing, e.g., SU(2)L triplet boson with (1,−2) for hypercharge and modular weight,
respectively. The systematic analysis has already been done by ref. [40] that tells us the
dark matter mass is at around 534 GeV when the mass is larger than the mass of W/Z
mass. In lighter region, one also finds the dark matter mass is at around the half of Higgs
mass; 63 GeV.
Acknowledgments
This research is supported by the Ministry of Science, ICT and Future Planning,
Gyeongsangbuk-do and Pohang City (H.O.). H. O. is sincerely grateful for the KIAS mem-
ber, too.
[1] G. Altarelli and F. Feruglio, Rev. Mod. Phys. 82 (2010) 2701 [arXiv:1002.0211 [hep-ph]].
[2] H. Ishimori, T. Kobayashi, H. Ohki, Y. Shimizu, H. Okada and M. Tanimoto, Prog. Theor.
Phys. Suppl. 183 (2010) 1 [arXiv:1003.3552 [hep-th]].
[3] H. Ishimori, T. Kobayashi, H. Ohki, H. Okada, Y. Shimizu and M. Tanimoto, Lect. Notes
Phys. 858 (2012) 1, Springer.
10
[4] D. Hernandez and A. Y. Smirnov, Phys. Rev. D 86 (2012) 053014 [arXiv:1204.0445 [hep-ph]].
[5] S. F. King and C. Luhn, Rept. Prog. Phys. 76 (2013) 056201 [arXiv:1301.1340 [hep-ph]].
[6] S. F. King, A. Merle, S. Morisi, Y. Shimizu and M. Tanimoto, arXiv:1402.4271 [hep-ph].
[7] S. F. King, Prog. Part. Nucl. Phys. 94 (2017) 217 doi:10.1016/j.ppnp.2017.01.003
[arXiv:1701.04413 [hep-ph]].
[8] S. T. Petcov, Eur. Phys. J. C 78 (2018) no.9, 709 [arXiv:1711.10806 [hep-ph]].
[9] R. de Adelhart Toorop, F. Feruglio and C. Hagedorn, Nucl. Phys. B 858, 437 (2012)
[arXiv:1112.1340 [hep-ph]].
[10] F. Feruglio, doi:10.1142/9789813238053 0012 arXiv:1706.08749 [hep-ph].
[11] J. C. Criado and F. Feruglio, arXiv:1807.01125 [hep-ph].
[12] T. Kobayashi, N. Omoto, Y. Shimizu, K. Takagi, M. Tanimoto and T. H. Tatsuishi, JHEP
1811, 196 (2018) doi:10.1007/JHEP11(2018)196 [arXiv:1808.03012 [hep-ph]].
[13] H. Okada and M. Tanimoto, Phys. Lett. B 791, 54 (2019) doi:10.1016/j.physletb.2019.02.028
[arXiv:1812.09677 [hep-ph]].
[14] T. Nomura and H. Okada, arXiv:1904.03937 [hep-ph].
[15] H. Okada and M. Tanimoto, arXiv:1905.13421 [hep-ph].
[16] F. J. de Anda, S. F. King and E. Perdomo, arXiv:1812.05620 [hep-ph].
[17] P. P. Novichkov, S. T. Petcov and M. Tanimoto, arXiv:1812.11289 [hep-ph].
[18] T. Kobayashi, K. Tanaka and T. H. Tatsuishi, Phys. Rev. D 98 (2018) no.1, 016004
[arXiv:1803.10391 [hep-ph]].
[19] T. Kobayashi, Y. Shimizu, K. Takagi, M. Tanimoto, T. H. Tatsuishi and H. Uchida, Phys.
Lett. B 794, 114 (2019) doi:10.1016/j.physletb.2019.05.034 [arXiv:1812.11072 [hep-ph]].
[20] J. T. Penedo and S. T. Petcov, Nucl. Phys. B 939, 292 (2019)
doi:10.1016/j.nuclphysb.2018.12.016 [arXiv:1806.11040 [hep-ph]].
[21] P. P. Novichkov, J. T. Penedo, S. T. Petcov and A. V. Titov, JHEP 1904, 005 (2019)
doi:10.1007/JHEP04(2019)005 [arXiv:1811.04933 [hep-ph]].
[22] P. P. Novichkov, J. T. Penedo, S. T. Petcov and A. V. Titov, arXiv:1812.02158 [hep-ph].
[23] G. J. Ding, S. F. King and X. G. Liu, arXiv:1903.12588 [hep-ph].
[24] A. Baur, H. P. Nilles, A. Trautner and P. K. S. Vaudrevange, arXiv:1901.03251 [hep-th].
[25] I. de Medeiros Varzielas, S. F. King and Y. L. Zhou, arXiv:1906.02208 [hep-ph].
[26] A. Zee, Nucl. Phys. B 264, 99 (1986); K. S. Babu, Phys. Lett. B 203, 132 (1988).
11
[27] H. Okada, T. Toma and K. Yagyu, Phys. Rev. D 90, 095005 (2014)
doi:10.1103/PhysRevD.90.095005 [arXiv:1408.0961 [hep-ph]].
[28] M. Hirsch, S. Morisi, E. Peinado and J. W. F. Valle, Phys. Rev. D 82, 116003 (2010)
doi:10.1103/PhysRevD.82.116003 [arXiv:1007.0871 [hep-ph]].
[29] J. M. Lamprea and E. Peinado, Phys. Rev. D 94, no. 5, 055007 (2016)
doi:10.1103/PhysRevD.94.055007 [arXiv:1603.02190 [hep-ph]].
[30] L. M. G. De La Vega, R. Ferro-Hernandez and E. Peinado, Phys. Rev. D 99, no. 5, 055044
(2019) doi:10.1103/PhysRevD.99.055044 [arXiv:1811.10619 [hep-ph]].
[31] A. M. Baldini et al. [MEG Collaboration], Eur. Phys. J. C 76, no. 8, 434 (2016)
[arXiv:1605.05081 [hep-ex]].
[32] F. Renga [MEG Collaboration], Hyperfine Interact. 239, no. 1, 58 (2018) [arXiv:1811.05921
[hep-ex]].
[33] B. Aubert et al. [BaBar Collaboration], Phys. Rev. Lett. 104 (2010) 021802 [arXiv:0908.2381
[hep-ex]].
[34] J. Kubo, E. Ma and D. Suematsu, Phys. Lett. B 642, 18 (2006)
doi:10.1016/j.physletb.2006.08.085 [hep-ph/0604114].
[35] N. Aghanim et al. [Planck Collaboration], arXiv:1807.06209 [astro-ph.CO].
[36] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018).
[37] N. Aghanim et al. [Planck Collaboration], arXiv:1807.06209 [astro-ph.CO].
[38] A. Gando et al. [KamLAND-Zen Collaboration], Phys. Rev. Lett. 117, no.
8, 082503 (2016) Addendum: [Phys. Rev. Lett. 117, no. 10, 109903 (2016)]
doi:10.1103/PhysRevLett.117.109903, 10.1103/PhysRevLett.117.082503 [arXiv:1605.02889
[hep-ex]].
[39] I. Esteban, M. C. Gonzalez-Garcia, A. Hernandez-Cabezudo, M. Maltoni and T. Schwetz,
JHEP 1901, 106 (2019) doi:10.1007/JHEP01(2019)106 [arXiv:1811.05487 [hep-ph]].
[40] T. Hambye, F.-S. Ling, L. Lopez Honorez and J. Rocher, JHEP 0907, 090 (2009) Erratum:
[JHEP 1005, 066 (2010)] doi:10.1007/JHEP05(2010)066, 10.1088/1126-6708/2009/07/090
[arXiv:0903.4010 [hep-ph]].
12
